Introduction
Spin-triplet superconductivity in the layered perovskite ruthenate, Sr 2 RuO 4 , is thought to arise via an effective electron-electron pairing interaction that is not due to the mediating role of lattice vibrations alone [1, 2] . To throw further light on the possible nature of the pairing interaction we have investigated the temperature-pressure phase diagram of a closely related compound Ca 2 RuO 4 [3] [4] [5] , which undergoes a transition from a spin-one Mott insulating state to a metallic magnetic state above ∼5 kbar [5] .
At ambient pressure the layered perovskite structure of Ca 2 RuO 4 differs from that of Sr 2 RuO 4 by strong distortions corresponding to compressions, tilts and rotations of the oxygen octahedra [4] . The first of these distortions disappears at room temperature above ∼5 kbar, where Ca 2 RuO 4 goes through an insulator to metal transition and begins its transformation into a quasi-2D metallic ferromagnet [5] . The second distortion, or tilt, disappears at ∼80 kbar, above which the signature for ferromagnetism in the ac magnetic susceptibility appears to be suppressed [6, 7] . Above ∼90 kbar we find evidence of superconductivity below ∼0.4 K extending at least up to 140 kbar, the maximum pressure reached in this study.
Experimental details
Single crystals of Ca 2 RuO 4 with essentially stoichiometric oxygen content were grown by a floating-zone method with RuO 2 self-flux using a commercial infrared furnace (NEC Figure 1 . Temperature-pressure phase diagram of Ca 2 RuO 4 . The lattice structure of Ca 2 RuO 4 is based on the layered perovskite structure shown in the inset, but with distorted oxygen octahedra. At ambient pressure the octahedra are compressed, tilted and rotated (space group S-Pbca) and Ca 2 RuO 4 is described as a spin-one antiferromagnetic insulator. Above ∼5 kbar the compression is suppressed (space group L-Pbca) and Ca 2 RuO 4 transforms gradually into a metallic ferromagnetic state. Above about ∼80 kbar the tilt is also lost (space group Bbcm) and the ferromagnetic signature (T Curie ) in the ac susceptibility appears to be suppressed. Above ∼90 kbar superconducting signatures (T sc , magnified by a factor of ten in the figure) are observed. Signatures of superconductivity are corroborated by two ac susceptibility measurement techniques and by measurement of the electrical resistivity as explained in the text.
Machinery, SC-M15HD). Our electron-probe microanalyses show no evidence for secondary phases and in particular of Ru inclusions that could give rise to weak parasitic signatures of superconductivity. The samples investigated here came from a batch having residual resistivities of the order of 2-3 μ cm in the metallic state above 20 kbar.
Pressures of up to 140 kbar were generated using diamond anvil cells with Daphne oil 7373 as the pressure transmission medium. The sample space was a 350 μm diameter hole drilled in a BeCu gasket pre-indented to a thickness of 70 μm. The culet of the diamond anvils used was 800 μm in diameter. The samples were cleaved into thin rectangular shapes with the shortest sides along the c-axis of the crystal and less than half the pre-indented gasket thickness and the longest sides typically around half the initial diameter of the gasket hole. The pressure in the sample region was measured at room temperature via ruby fluorescence and at low temperatures via the superconducting transition of a tiny Pb sample placed adjacent to the Ca 2 RuO 4 sample in the ac susceptibility measurements. The pressures measured by these two techniques typically differed by less than 10% and was of the order of the pressure inhomogeneity inferred from the width of the Pb transitions.
The resistivity measurements were carried out via a twoterminal ac technique. Attaching two 12 μm gold wires to the sample via silver epoxy made the current contacts. The total contact resistance was of the order of half an ohm at low temperatures. The voltage contacts were made at the end of the gold wires just outside of the high-pressure space. The ac current was 1.6 μA rms at 73 Hz and the voltage was measured by means of a low-temperature matching transformer (×10 2 ), a low noise preamplifier (×10 3 ) and a phase sensitive detector. The resistivity measurements were carried out with a dilution refrigerator down to 0.04 K. The resistivity was found to be independent of current up to at least ten times the above-given applied current over the entire temperature range investigated.
The ac susceptibility has been measured by the technique described in [7] in which a tiny pick-up coil is placed around the sample within the high-pressure region (internal coil method). Corroborating results were also obtained using a small pick-up coil just outside the high-pressure region (external coil method), together with a high-precision mutual inductance bridge, which could detect changes in the pickup voltage as low as 0.01 ppm. The external pick-up coil technique was used to investigate the field dependence of the ac susceptibility of the sample as discussed in section 3. All ac susceptibility measurements were carried out with an adiabatic demagnetization refrigerator down to 0.07 K.
Experimental results and discussions
The results of our studies are shown in figures 1-3. Figure 1 summarizes our measurements of the Curie temperature T Curie and of the superconducting transition temperature T sc versus pressure up to 140 kbar. T Curie and T sc were measured by the ac susceptibility technique based on an internal coil as mentioned in the last section. T Curie was determined from the position of the maximum of the peak in the ac susceptibility versus temperature. The identification of this peak with a ferromagnetic transition has been discussed previously [5, 8] . T sc has been determined from the intersection of the two lines drawn tangent to the ac susceptibility curves in the normal • out of phase with the drive current. A field-independent background signal arising mainly from impurities in the BeCu gasket in the diamond anvil cell has been subtracted from the data to emphasize the effect of magnetic field. The ac susceptibility shows a strong magnetic field dependence qualitatively similar to that seen in the resistivity (figure 2). The signature for superconductivity has been seen by two ac susceptibility measurement techniques, as explained in the text, and in over ten specimens at applied pressures in excess of ∼90 kbar. region and in the superconducting region (where the curve drops off precipitously with decreasing temperature).
T Curie rises with increasing pressure to a maximum of 28 K. The signature for T Curie in the ac susceptibility appears to weaken with increasing pressure and could not clearly be identified in our measurements above ∼80 kbar [8] . We cannot conclude from this, however, that magnetic order is absent above this pressure. The attenuation of the peak may be due to increasing pressure inhomogeneities or intrinsic magnetic inhomogeneities. Evidence for superconductivity in the ac susceptibility was found above about 90 kbar. T sc appears to rise to approximately 0.4 K at 140 kbar, the highest pressure reached. Figures 2 and 3 show the effect of an applied magnetic field on the temperature dependences of the electrical resistivity and ac susceptibility, respectively, near to the superconducting transition. In all cases the data is collected sweeping up in temperature after cooling in essentially zero external magnetic field (less than a few tenths of a mT).
As shown in figure 2, in the zero field limit the observed drop in the resistance of the sample below 0.4 K is approximately 5 m . The residual resistance of the sample above this drop can be estimated from the dimensions of the sample (caption of figure 2), the estimate of the basal plane resistivity given in section 2 and a ratio of c-axis to basal plane resistivity assumed to be 10 3 [3, 5] . In a simple model of sheet resistance for an anisotropic material we estimate the residual resistance to be of the same order of magnitude as the above-given drop in resistance, i.e., as is expected for a superconducting transition.
As shown in figure 3 the observed drop in the pickup voltage in the ac susceptibility measurement is in excess of 6 nV for our experimental set-up in the zero field limit. We note, however, that the transition is not complete in the temperature range of the measurement (the total drop may be as high as 12 nV) and that an internal field that would partly suppress superconductivity may be present even in the absence of an external field in the pressure range of our experiments. The corresponding change in susceptibility of the sample may be inferred from (i) the sample size, coil geometry and drive current and frequency employed and (ii) by comparing the voltage change with that produced by a reference Pb sample introduced in the same measurement system. Both of these methods suggest that the drop in the pick-up voltage is approximately a quarter of that expected for a full superconducting transition in our Ca 2 RuO 4 sample.
As can be seen from figures 2 and 3, superconductivity in Ca 2 RuO 4 is remarkably fragile and can be largely suppressed with an applied magnetic field of less than 10 mT. Because large changes in the ac susceptibility and resistivity are seen in fields as low as 1 mT, it was necessary to carefully monitor the field in the region of the sample and compensate for residual fields from superconducting magnets and surrounding magnetic materials. The relatively small size of the critical field for superconductivity is due in part to the low T sc , but also perhaps because the applied field may only be a part of the total internal field acting on the Cooper pair. An understanding of the low critical field in Ca 2 RuO 4 awaits studies of the detailed nature of the magnetic state above 80 kbar.
We have presented a temperature-pressure phase diagram of Ca 2 RuO 4 , which suggests that a weakly superconducting state exists on the border of ferromagnetism. This is in contrast to the cuprates in which strong superconductivity appears to be closely connected with antiferromagnetism. It is possible that as in the case of Sr 2 RuO 4 Cooper pairs in Ca 2 RuO 4 form in a p-wave spin-triplet state [9] [10] [11] . P-wave pairing with low T sc on the border of ferromagnetism, and d-wave pairing with high maximum T sc on the border of antiferromagnetism in layered systems such as the ruthenates and cuprates, respectively, is in keeping with models of superconductivity without phonons based on Cooper-pair formation via the effects of magnetic interactions (see e.g., [11, 12] ).
